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Abstract 
 
 The purpose of this work is to further the scientific understanding of the 
relationship between indentation creep and uniaxial creep.  The data for this study was 
obtained by conducting both indentation and uniaxial creep experiments on amorphous 
selenium.  Experiments were designed to collect data over a wide range of creep rates.  
Specific temperatures were chosen to collect creep data above and below the glass 
transition temperature of 31°C.  The indentation and uniaxial compression data was used 
to accomplish several objectives.   
 The first objective was to test the ability of the Oliver-Pharr stiffness equation to 
predict contact area.    The current contact area calculation technique relies on elastic 
recovery to account for sink-in and can not account for pile-up.  It is shown that if the 
modulus of the material is known as a function of temperature, the Oliver-Pharr stiffness 
equation can generally predict the contact area within 10 percent of areas measured from 
optical and interference photomicrographs.  This method accurately predicts areas for 
predominately plastic indents that display almost no elastic recovery where 
photomicrographs show that the indent has experienced considerable sink-in. 
 The second objective was to analyze Bower et. al’s prediction of the sink-in/pile-
up parameter, c, as a function of the creep exponent, n.  The parameter c is defined as the 
ratio of indent contact depth to indent total depth.  The calculations of the parameter c 
from indent profiles are within 10 percent of Bower’s model.  Bower over predicts 
between 15 and 30 percent when c is calculated from measured areas.  
 The third and primary objective of this study was to calculate the relationship 
between the uniaxial creep parameter, A, and the indentation creep parameter, B.  The 
A/B ratio was calculated for both nominal mean pressure, that does not account for sink-
in and pile up, and actual mean pressure.  The A/B ratio calculated by the nominal mean 
pressure method, when computed with 2% plastic strain compression stresses, is 
consistent with Bower et. al’s prediction.  The A/B ratio calculated with the actual mean 
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pressure method, when computed with 2% plastic strain compression stresses, is 
approximately 100 percent higher then the prediction by Bower.   
 
 vi 
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Chapter 1 – Introduction 
 
General Purpose 
The general purpose of this study is to establish a relationship between uniaxial 
creep and indentation creep.  Creep is formally defined as time dependent deformation 
under a constant load, and uniaxial testing is the standard for establishing creep properties. 
In some cases, indentation creep methods have advantages over uniaxial creep tests.  
Indentation creep tests can be used to measure the creep properties of individual 
components of material systems, such as a thin film on a substrate or the individual 
phases of a complex alloy.  Uniaxial testing can only yield the average creep properties of 
the entire sample.  Also, uniaxial test specimens are large relative to specimens required 
for indentation tests.  With indentation methods, it is possible to perform over one 
hundred creep indentation tests on a one centimeter cubed sample.  It would be difficult 
to complete one uniaxial test on a sample that size.  To utilize the advantages of 
indentation creep, a relationship between indentation creep and uniaxial creep must be 
developed.  This work will continue to develop that relationship.  
 
State of Stress 
It is important to understand the states of stress of both testing methods and how 
they differ. Uniaxial creep testing will be addressed first.  Figure 1 shows a typical 
uniaxial compression test instrument.  Figure 2 depicts a schematic of a uniaxial 
compression test.  Figure 2 emphasizes the fact that during a uniaxial compression test, if 
friction is negligible and the load is constant, the sample is under a constant state of stress.  
The state of stress is constant as a function of time and position.  In other words, the 
stress is the same in every position within the sample for the entire experiment.  Figure 3 
shows the Nanoindenter XP used in this study.  Figure 4 displays a schematic of the state 
of stress during an indentation test.  During an indentation test the state of stress is not 
constant.  
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Figure 1.  Uniaxial Compression Instrument. 
Source:  www.mts.com   
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Figure 2.  Schematic of Uniaxial Compression Test. 
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Figure 3.  MTS Nano Indenter XP. 
Source:  www.mts.com  
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Figure 4.  Schematic of Indentation test. 
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The state of stress is a function of time and position.  Time affects the state of stress in 
the following way.  As the indenter penetrates the surface and plastically deforms the 
sample, the state of stress in the sample will continuously change.  If the indenter is then 
held at a constant depth, the state of stress will still continue to change as the material 
relaxes and stresses are redistributed.   While the state of stress is continually changing as 
a function of time, it does not change uniformly.  Therefore, the state of stress is also a 
function of position.  The stress near the tip of the indenter is higher then the stress in the 
material farther away from the tip.  So regardless of the type of indentation creep test, the 
state of stress in the sample is influenced by both time and position.  After considering 
the differences in these two methods, it becomes obvious that indentation data can not be 
directly compared to uniaxial creep results.   
 
Constitutive Equations 
Constitutive equations have been established for both uniaxial creep and 
indentation creep.  The uniaxial creep equation used in this study is: 
 
n
u Aσε =&         (1) 
 
where uε&  is the uniaxial strain rate, A is a material constant, σ is the uniaxial stress, and n 
is the creep exponent.  An indentation creep equation has been established that is 
analogous to the uniaxial creep equation.  This equation helps compare the creep 
properties of two very different methods in a similar way.  It is: 
 
n
mI Bp=ε&          (2) 
 
where Iε&  is the indentation strain rate, B is a material constant, and pm is the mean 
pressure applied by the indenter.  The indentation strain rate and mean pressure are 
defined as: 
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h
h
I
&
& =ε           (3) 
 
c
m
A
P
p =        (4) 
 
where h&  is the displacement rate, h is the displacement of the indenter, P is the load on 
the indenter and Ac is the projected area of contact between the indenter and the sample.  
If the creep exponent, n, is the same in both equations, as is the case for simple creep 
behavior, data from indentation creep experiments can be used to estimate uniaxial creep 
data if a relationship between A and B can be established.   
 
Loading History Independence 
When load is applied to a sample and it is plastically deformed, in most solid 
materials, the strain changes the mechanical properties of the material.  This phenomenon 
causes “loading history effects.”  A classic example of loading history effects is strain 
hardening.  Materials that strain harden experience an increase in hardness when the 
material is plastically strained.  Loading history is especially important in indentation 
because the state of stress is so complex.  For example, assume a sample is indented with 
a predetermined load, the load is held constant and the indenter is allowed to creep.   If 
this experiment is performed multiple times, with different loading velocities, loading 
history will affect the material and the creep results would differ.   
If a material is loading history independent then the stresses and strains in the 
material are not a function of loading history.  During indentation, the stresses and strains 
will only be a function of the current velocity of the indenter. Therefore, the above 
mentioned experiments would yield the same creep results.  Loading history 
independence is not a common behavior displayed by solid materials.  Water is a good 
example of a material that is loading history independent.  A loading history independent 
 8 
solid is a solid that has atoms that behave like a liquid.  The atoms within the solid can 
reorganize themselves, under load, without altering the properties of the material.     
 
Transient Behavior  
Loading history dependence often produces transient behavior during uniaxial 
creep tests.  Figure 5 shows a schematic of a theoretical loading history independent 
constant load uniaxial creep experiment.  In this experiment, strain increases as a linear 
function of time and the slope of the line is Aσ
n
 (steady state creep).  Figure 6 depicts a 
schematic of the actual behavior displayed by most materials.  In the beginning of the 
experiment the strain does not increase as a linear function of time.  This is referred to as 
transient behavior and is followed by the predicted steady state creep.  Transients are also 
observed in experiments where the applied load is changed abruptly altering the stress on 
the sample.  Figure 7 displays a schematic of two uniaxial creep tests at different stresses.  
Figure 8 shows a schematic of a creep test with an abrupt change in stress (from stress 1 
to stress 2 in Fig. 7) that does not display transient behavior (loading history independent), 
while Fig. 9 shows the same experiment with transient behavior present.  Most materials 
display the behavior depicted in Fig. 9.  Transient behavior complicates the analysis of 
creep data.   
Considering the complexity of the relationship between uniaxial creep 
experiments and indentation creep experiments, eliminating the transient behavior will 
simplify the model used to quantify that relationship.  Removing the transient allows one 
to assume that the material in the study is loading history independent.  This loading 
history independent assumption is required to define the terms “A” and “B” as constants 
in the constitutive equations utilized in this study.  The removal of the transient behavior 
from the model makes the selection of a test material more difficult but also increases the 
likelihood that that the complex mathematics needed to relate indentation and uniaxial 
creep behavior is available.   
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Figure 5.  Schematic of Loading History Independent Uniaxial Creep Experiment.
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Figure 6.  Schematic of Uniaxial Creep with Transient Behavior. 
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Figure 7.  Schematic of Uniaxial Creep Experiments at Multiple Stresses. 
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Figure 8.  Schematic of Uniaxial Creep Experiment with Abrupt Change in Stress 
Depicting Loading History Independence. 
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Figure 9.  Schematic of Uniaxial Creep Experiment with Abrupt change in Stress, 
Depicting Transient Behavior. 
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Amorphous Selenium 
  Amorphous selenium was selected as the experimental material for this study.  
There are several reasons for this selection.  Most importantly, selenium has shown 
loading history independence over a wide range of temperatures and loading conditions 
[1,2].  Poisl et al. [1] first proposed the history independence of selenium in 1995.  They 
discovered during limited indentation creep experiments that amorphous selenium is 
loading history independent at 32.1°C and 34.3°C.  Further work by the author has shown 
that amorphous selenium is loading history independent over a wide range of 
temperatures and loading conditions [2].  It was also important to choose a material that 
has both uniaxial and indentation data available and amorphous selenium has an 
abundance of literature data.  The literature important to this study will be discussed in 
the next section.  For indentation tests, samples must have extremely smooth surfaces.  
Therefore, sample preparation has to be considered when a material is selected for an 
indentation study.  Luckily, amorphous selenium indentation and uniaxial compression 
sample preparation is quite simple.  The sample preparation processes will be discussed 
later.  Another interesting property of amorphous selenium is the glass transition 
temperature of 31°C.  This temperature is very close to room temperature which 
simplifies testing the creep properties of amorphous selenium above and below the glass 
transition temperature.  Finally, previous work has shown that above the glass transition 
temperature amorphous selenium displays linear viscous behavior [1, 2].  Linear viscous 
behavior (n=1) can further simplify the constitutive equations used in this study.  After 
considering the qualities stated above, it is obvious that amorphous selenium is a good 
material for this work. 
 
Contact Stiffness and Contact Area Measurements  
The most well known method for measuring the contact stiffness during an 
indentation experiment is the Oliver-Pharr method [3].  The Oliver-Pharr method 
measures the stiffness from the slope of the upper portion of the indentation unloading 
curve.  This stiffness is then used to calculate the indentation projected area of contact 
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under load.  The relationship between the projected contact depth under load and the 
stiffness is: 
 
S
P
hhc ε−=           (5) 
 
where, hc is the contact depth under load, h is the maximum displacement of the indenter, 
ε is a geometric constant that depends on the indenter geometry, P is the load on the 
indenter, and S is the stiffness.  The contact depth along with the area function of the 
indenter is then used to calculate contact area.  This method of measuring stiffness and 
calculating contact depth is derived from elastic contact theory.  Therefore, this model 
can account for elastic sink-in of the specimen and still predict an accurate projected area 
of contact.  It can not account for pile up of material around the indenter because pile up 
is due to plastic deformation.  Also, the Oliver-Pharr method can not account for sink-in 
due to purely plastic deformation that can occur during an indentation creep test.   
 Another way to measure the contact stiffness during an indentation experiment is 
to utilize dynamic measurement techniques.  The dynamic measurement technique, also 
known as the continuous stiffness measurement, allows for a continuous measurement of 
the contact stiffness during the entire loading portion of an indentation experiment.  This 
measurement is accomplished by superimposing a small force oscillation on the primary 
loading signal and analyzing the response by means of a frequency –specific amplifier [4].  
This method can measure the elastic contact stiffness many times per second even during 
a creep experiment that is exhibiting predominately plastic deformation.       
 This indentation creep study must accurately measure projected contact areas for 
indentation creep experiments that exhibit predominately plastic deformation.  
Conceptually, a combination of the continuous stiffness measurement and the Oliver-
Pharr method can predict projected contact areas for purely plastic deformation.  The 
basis of the Oliver-Pharr method is the Oliver-Pharr stiffness equation: 
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A
S
Er
2
π
=            (6) 
 
 where S is the experimentally measured contact stiffness, Er is the reduced modulus, and 
A is the indent contact area.  The reduced modulus is defined through the equation: 
 
ir EEE
i
)1()1(1
22 νν −
+
−
=           (7) 
 
where E is modulus of the specimen, Ei is the modulus of the indenter, ν is the Poisson’s 
ratio of the specimen, and νi is the Poisson’s ratio of the indenter.  The Oliver-Pharr 
stiffness equation suggests that if the modulus in known for a given material, regardless 
of elastic or plastic deformation, the contact area during the indentation can be calculated 
by measuring the continuous stiffness during an indentation experiment. 
 
Specific Objectives 
This study plans to accomplish several specific objectives.  The first objective is to 
examine the ability of the Oliver-Pharr stiffness equation to predict the contact area of an 
indent resulting from a nanoindentation creep experiment. This is the first objective 
because the indent contact area must be measured accurately to evaluate the relationship 
between uniaxial creep and indentation creep.  If the Oliver-Pharr stiffness equation can 
be proven valid for predominately plastic indents, it won’t be necessary to independently 
measure indent areas.  The second objective of this work is to empirically study Bower et 
al.’s model for the relationship between power law uniaxial creep and power law 
indentation creep.   The linear relationship has been explored in previous work [2]. This 
objective will be accomplished by analyzing the prediction for the sink-in/pile-up 
parameter, c, and the ratio of the uniaxial creep parameter, A, and the indentation creep 
parameter, B, as a function of the creep exponent, n.  The parameter c defines whether the 
indent has sunk in or is piled up.  If c is greater then one, material has piled up around the 
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indenter.  If c is less then one material around the indenter has sunk in.  If c is equal to 
one, the indent is neither sunk-in nor piled-up.  The final objective of this study is to 
calculate the viscosity from uniaxial and indentation tests under linear viscous conditions 
(creep exponent =1) and compare the results to uniaxial and indentation literature data.  
 18 
Chapter 2 – Literature Review  
 
Important Selenium Properties 
 The properties of amorphous selenium most important to this study include shear 
viscosity, glass transition temperature, Poisson’s ratio, and Young’s modulus.  These 
properties are well documented in the literature.  The majority of the literature data 
available for amorphous selenium was generated in the 1960’s and 1970’s because 
amorphous selenium has excellent photoconductive properties and was used in early 
photocopy machines.  Each of the properties stated above will be discussed in detail, 
including measured values, measurement techniques, and literature sources.  Other papers 
important to the specific objectives of this work will also be discussed.     
 
Shear Viscosity 
Shear viscosity is defined as the resistance to flow or the ratio of shear stress to 
shear strain rate.  The relationship is: 
 
γ
τ
η
&
=        (8) 
 
 where η is the shear viscosity, τ is the shear stress, and γ&  is the shear strain rate.   The 
measurement of the shear viscosity of amorphous selenium by three different techniques 
will be reviewed.  Cukierman and Uhlmann [5] measured the viscosity of amorphous 
selenium with a beam bending viscosimeter.  In this experiment, a sample was placed on 
two knife edges and a rod was used to apply force onto the center of the sample.  The 
shear viscosity was calculated from the deflection rate of the sample. They performed this 
experiment between 30°C and 50°C.  Stephens [6] measured the shear viscosity of 
amorphous selenium using a uniaxial tension creep experiment.  In this method, the 
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elongation of a sample was measured and the uniaxial strain rate was calculated.  The 
shear viscosity was calculated from the equation:   
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σ
η
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where η(t) is the instantaneous shear viscosity.  Stephens conducted tests from 25°C to 
40°C.  Shimizu et al. [7] used indentation to estimate the shear viscosity of selenium.  
They began with the relationship:   
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where E is Young’s modulus and ν is Poisson’s ratio. The parameters g, k, and γ are all 
geometrical factors and are defined by:   
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where β is the inclined face angle of a conical indenter, and hc is contact depth of the 
indenter.  The relationship presented by Shimizu et al. is equivalent to:  
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which is Sneddon’s solution for a rigid cone indenting a semi-infinite elastic solid, when 
the parameter γ is equal to π/2.  This geometrical factor, γ, describes the sink-in /pile-up 
behavior of the indent.  γ is equal to the reciprocal of Bower’s sink-in/pile-up parameter, 
c.  Shimizu et al. used pyramidal indenters in their analysis.  It is common to use 
pyramidal indenters with Sneddon’s solution for conical indentation by replacing the 
cone angles with equivalent cone angles for the pyramidal indenters.  The equivalent half 
included angle for the three sided pyramidal Berkovich indenter is 70.3°.  The equivalent 
inclined face angle for the Berkovich indenter is 19.7°; this is illustrated in Fig. 10.  An 
actual Berkovich indenter is displayed in Fig. 11.  The Berkovich indenter is used in 
Shimizu et al.’s study and also in this work.   
The elastic solution is converted to a linear viscoelastic solution by replacing 
Young’s Modulus, E, with the incremental relaxation modulus, E(t-t’), in Eq. 10 and 
making it a hereditary integral.  The result is:   
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where t is time and t’ is an incremental step in time. It is then assumed that the creep test 
will be performed under a constant rate of penetration, v0.  With this assumption, Eq. 15 
becomes: 
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Figure 10.  Schematic of a Berkovich Equivalent Conical Indenter Illustrating the 
Half Included Angle, α, and the Inclined Face Angle, β. 
β = 19.7° 
 
 
 
Berkovich Equivalent 
Conical Indenter 
 α=70.3° 
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Figure 11.  Berkovich Indenter. 
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It was then assumed that the viscoelastic material can be modeled by a simple Maxwell 
spring and dashpot in series.   The elastic modulus of the spring is defined as E/(1-ν
2
) and 
the viscous dashpot has an elongation viscosity defined as 2(1+ν)η.  The relaxation 
modulus of a viscoelastic material modeled by this Maxwell relationship is:  
 
( )τtEtE −= exp)(         (17) 
 
where τ is defined as   
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where ηm is the Maxwell viscosity and Em is the Maxwell Modulus.  Equations 17 and 18 
are substituted into Eq. 16 to yield: 
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If τ=0, the solution in Eq. 19 reduces to the extreme viscous, or perfectly plastic, case:  
 
[ ] tvgktP 202 )1(2)( ηνγ
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where v0, the constant penetration rate, is equal to h/t.  When this substitution is made in 
Eq. 20, it yields:  
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For a constant indenter velocity, Eq. 21 reveals a linear relationship between the load on 
the indenter and the displacement of the indenter into the surface of the material.  The 
shear viscosity is calculated from the slope of this relationship.  Shimizu et al. performed 
indentation tests at a constant penetration, vo, of 0.17um/s at temperatures from 10°C to 
42°C.  They used Eq. 21 to estimate the shear viscosity of amorphous selenium for each 
temperature.    A Master’s thesis by the author details a method for calculating viscosity 
from indentation data based on Shimizu’s calculation of viscosity [2].   Experimental 
results for viscosity measurements from Cukierman and Uhlmann [5], Stephens [6], 
Shimizu et al. [7] and LaManna [2] are plotted together in Fig. 12.  This figure shows the 
results from all four techniques are in agreement.  The viscosity calculated from the 
uniaxial compression testing in this study will be compared to this database for shear 
viscosity of amorphous selenium.  
 
Glass Transition Temperature  
The glass transition temperature, Tg, is a critical temperature used to describe the 
behavior of polymers and other amorphous materials.  Below Tg a polymer behaves like a 
glass; it is brittle and has a relatively high hardness.  Above Tg a polymer loses its 
strength and becomes ductile.  Amorphous selenium has a polymeric type structure.  The 
selenium atoms link together in a chainlike manner, some chains forming eight atom 
rings [8,10].  Since amorphous selenium has a polymeric structure, it also has a glass 
transition temperature.  Eisenberg and Tobolsky [8] determined the glass transition 
temperature of amorphous selenium.  They calculated Tg by measuring the weight of the 
sample in an inert heat transfer liquid with a uniform expansion coefficient as a function 
of temperature.  Distilled water was used as the heat transfer liquid.  When a polymer is 
below Tg its thermal expansion coefficient is low and nearly constant.  Above Tg the 
thermal expansion coefficient is high.  In Eisenberg and Tobolsky’s experiments, Tg 
corresponds to the inflection point on the plot of the weight of the sample in the heat 
transfer liquid as a function of temperature.  The inflection point is due to the change in  
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Figure 12.  Shear Viscosity Literature Data. 
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the thermal expansion coefficient and therefore the density of the sample.  Eisenberg and 
Tobolsky found Tg of amorphous selenium to be 31.0 °C +/- 0.5°C.    
 
Poisson’s Ratio and Young’s Modulus 
The Poisson’s ratio and Young’s modulus literature data are discussed together 
because each of the literature sources described in this study calculate both values by 
measuring the elastic constants of amorphous selenium.  Graham and Chang [9] used the 
phase comparison method while Vedam et al. [10] and Soga et al. [11] used the pulse 
superposition method.  Both of these methods calculate elastic constants from the 
measurement of sound wave velocities within test samples.  Since amorphous selenium is 
an isotropic material, the Poisson’s ratio and Young’s modulus can be calculated from: 
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where G is the shear modulus, and C11 and C12 are elastic constants [12].  Table 1 
displays the results for the Poisson’s ratio and Young’s Modulus at 25°C for all three 
sources.  The results are generally in good agreement.  Vedam et al. [10] also measured 
the elastic constants of amorphous selenium as a function of temperature.  They presented 
these results in a plot of shear modulus.  This data is shown in Fig. 13.  The results in Fig. 
13 were converted to a plot of Young’s modulus as a function of temperature using 
equation 23 and a Poisson’s ratio of 0.33.  This conversion is shown in Fig. 14.  Young’s 
modulus as a function of temperature will be needed to accomplish some of the specific 
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Table 1.  Properties Calculated From Elastic Constants for Amorphous Selenium at 
25°C. 
 
 
 
 
 
 
 
 
 
Source Temperature Young's  Shear Poisson's Method 
    Modulus Modulus Ratio    
  °C GPa GPa      
              
Soga, and  
pulse 
superposition  
Kunugi 25 9.61 3.61 0.331 method 
Graham and phase comparison  
 Chang 25 9.91 3.77 0.324 method 
Vedam, 
Miller, 
pulse 
superposition 
 and Roy 25 9.8 3.69 0.327  method 
* Properties calculated from measured elastic constants  
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Figure 13.  Shear Modulus as a Function of Temperature. 
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Figure 14.  Young’s Modulus as a Function of Temperature. 
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objectives of this study.   
 
Indentation Creep Experiments 
The indentation creep methods used in this study were strongly influenced by 
Mayo and Nix [13], who were among the first to do nanoindentation creep experiments, 
and Lucas [14].  Lucas describes several indentation creep techniques including a 
constant loading rate method, a load and hold method, and a new method he developed, 
the constant strain rate method.  Variations of the first two indentation creep methods 
(constant loading rate and load and hold) will be used in this study and explained later.  
This section will concentrate on explaining the constant strain rate method because it is 
more complex.  Lucas starts with the definition of mean pressure: 
 
2h
P
A
P
pm λ
==         (25) 
 
where pm is the mean pressure applied by the indenter, A is the contact area between the 
indenter and the sample (assuming no sink in or pile up), and λ is an indenter geometrical 
factor.  It is noted that A is equal to λh2 in the case of a geometrically similar indenter, 
such as the Berkovich indenter used in this study (λ=24.5).  To continue the analysis, Eq. 
25 is rewritten as 
 
Pph m =
2λ .                      (26) 
 
Equation 26 is then differentiated with respect to time, to give:   
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Equation 27 can be simplified to: 
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Equation 28 shows the relationship between the indentation strain rate, Iε& , and the mean 
pressure applied by the indenter, the load on the indenter, and the loading rate.  If the 
mean pressure is held constant, then Eq. 28 leads to: 
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Equation 29 shows that if the mean pressure can be held constant, then the indentation 
strain rate can also be held constant if the loading rate divided by the load, PP& , is held 
constant.  Under these conditions the indentation strain rate will be equal to one half the 
constant PP&  value.   This indentation creep method, know as the constant strain rate 
method, as well as the ones mentioned above, were instrumental in proving the loading 
history independence of amorphous selenium [2].   
 
A-B Relationship 
A historic time line of the theoretical developments in indentation creep properties and 
their relationship to uniaxial creep properties will be reviewed in this section.  A 
correlation between uniaxial creep and indentation creep was first approached by T.O. 
Mulhearn and D. Tabor in 1960.  From 1960 until 1992 several authors have proposed 
models that predict uniaxial creep properties from indentation creep data.   Models were 
developed from both steady state and transient creep constitutive equations.  In 1992 R. 
Hill used continuum mechanics to develop a simplified model.  In the following years, 
Bower et al. used this reduced problem to develop exact solutions based on finite element 
solutions.  
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 Mulhearn and D. Tabor [15] describe the first attempt to relate creep indentation 
data to uniaxial creep data.  This work utilized a spherical indenter.  The constitutive 
equation for uniaxial creep was used to develop the indentation creep relationship as:    
)exp(
RT
Q
A n
−
= σε&           (30) 
 
whereε& is strain rate, σ is stress, A and n are constants, and Q is the activation energy for 
creep.  It was assumed that the indentation mean pressure, p, is equal to the uniaxial 
stress, σ, multiplied by a constant.  Since indentation strains are not uniform, it was 
assumed that there is a representative strain that is a linear function of d/D, where d is the 
diameter of the indent and D is the diameter of the indenting sphere.  These assumptions 
lead to: 
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where K is a constant, W is load, and t is time.  Therefore, if W and T are held constant, a 
plot of log p vs. log t will yield the stress exponent.  The activation energy for creep, Q, 
can be calculated from:  
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for any value of p.  Data was collected for this study by applying a load for different time 
intervals and then measuring the size of each indent.  Indents were made with different 
loads and at different temperatures.   Mulhearn and Tabor’s results revealed a stress 
exponent for indium and lead of approximately 10 when the test temperature was greater 
then 60 percent of the melting temperature.  The activation energy, Q, for Indium (20-
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100°C) and Lead (50-150°C) was calculated as 16 and 18 kcal/mole, respectively.  These 
values are close to the activation energies for self-diffusion.   
 Atkins et al. (1966) [16] tried to improve on the previous work of Mulhearn and 
Tabor.   The authors state that Mulhearn and Tabor should have used a transient creep 
constitutive equation rather than a steady state equation.  Steady state creep occurs when 
the stress, or hardness, is constant.  During indentation tests performed with spheres, 
cones, or pyramids, hardness changes continually.  The transient creep equation used in 
this study is:   
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where trε& is the transient strain rate, sε& is the steady state strain rate, t is time, and B is a 
constant.  Combining equations 30 and 33 yields: 
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where C is a constant.  This approach leads to a remarkably similar result to that of 
Mulhearn and Tabor.  The hardness vs. time relationship is: 
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where D is a constant, p is hardness, Q is activation energy for creep, and t is time. 
The authors assume that the indentation process resembles the expansion of a 
hemispherical hole in a semi-infinite solid.  They also note that the size of the deformed 
zones and the elastic plastic boundary control the creep rate.  The creep rate is 
independent of the shape of the indenter.   The activation energy, Q, was calculated for 
tin (273-393°K) 14 kcal/mole, aluminum (593-743°K) 41 kcal/mole, and magnesium 
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oxide (1333-1773°K) 97 kcal/mole.  These values are close to the activation energies for 
self-diffusion. 
To avoid the transient creep behavior of most indenters, Chu and Li (1977) [17] 
chose to use a cylindrical punch.  A cylindrical punch keeps the indenter’s mean pressure 
constant at a constant load.  Under these conditions, steady state creep can be achieved.  
The authors chose to study the indentation creep properties of single crystals.  They 
identified three possible mechanisms for indentation creep of single crystals.  The 
mechanisms are bulk diffusion, surface diffusion, and dislocation motion.  For bulk 
diffusion and surface diffusion the indentation velocity is a function of vacancy 
concentration and self diffusivity.  For dislocation mechanisms, FEM analysis was used 
to calculate the indentation velocity.  The steady state relationship developed from the 
FEM analysis is: 
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where v is the indenter velocity, A, and n are constants at constant temperature, a is the 
punch radius, σ is the indenter stress, and m is the hardness to strength ratio.  A power 
law constitutive equation established by uniaxial compression tests was assumed and the 
results showed that the indentation velocity is proportional to the punch radius and has 
the same stress dependence as the steady state creep rate. Test results showed that the 
dislocation creep mechanism dominated the creep in the single crystal and the indentation 
velocity for dislocation was used for analysis.  The stress exponent, n, was calculated by 
taking the slope of the log v vs log σ plot.  The activation energy for creep was calculated 
by the slope of the log v vs. 1/temperature at constant σ.   
 Matthews (1979) [18] approached indentation creep in a manner different from 
every other researcher discussed in this literature review.  Rather than using a model of 
an expanding spherical cavity, he modeled indentation creep with a pressure distribution 
over the area of contact between spheres undergoing linear deformation.   The solution to 
this problem is for an isotropic elastic contact.  The author adopts the same approach for 
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a linearly viscous material and then assumes that this relationship holds true for power 
law creep.  Matthews’ indentation power law creep equation is:   
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where a&  is the change in the radius of the contact circle as a function of time, R is the 
radius of the indenting sphere, B is the creep coefficient, n is the stress exponent, and pm 
is the instantaneous mean pressure.  Matthew’s expression for predicting sink-in or pile 
up is: 
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where wo is the displacement of the indenting sphere, s is the measure of the sink in or 
pile up, a is the radius of the contact circle, and R is the radius of the indenting sphere.  
 
 Sargent and Ashby (1992) [19] used dimensional analysis to develop relationships 
from which the power law creep exponent and activation energy for creep can be 
calculated.  The constitutive relationships used by Sargent and Ashby were: 
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where σo is a the reference shear stress, oε&  is the strain rate at the reference shear stress, 
σs is the shear stress, n is the creep exponent, and k is a constant.  The authors chose to 
indent with pyramids and cones.  These indenters develop stress and displacement fields 
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that remain self similar, which means the fields change in scale but not in shape.  Their 
method begins by first choosing a reference point in the material below the indenter that 
scales as the square root of the area of contact.  Under these conditions, the strain rate 
must be proportional to the displacement rate divided by a relevant length.  Since A  is 
the only length in the problem, Sargent and Ashby derived the relationship: 
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where C is a constant and du/dt is the displacement rate.   This derivation leads to Sargent 
and Ashby’s indentation creep relationship:  
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where H(t) is the hardness as a function of time, and C2 is a constant.  The slope of the 
log H vs. log t plot yields the creep exponent, n.  A plot of log t vs. (Tm/T) at constant H, 
where Tm is the melting temperature, reveals the activation energy for creep.   
 Hill (1992) [20] analyzed creep indentation with continuum mechanics and a 
method he refers to as similarity transformations.   He started with the indenter profile: 
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where m and D are greater than 0.   This profile can be used to model several indenters.  
If m=1 and D
m-1
 =tan β then equation 43 models a cone (axisymmetric) or a wedge 
(plane) where 2β is the included angle at the apex.  If m=2 then equation 43 models a 
sphere (axisymmetric) or a cylindrical punch (plane) with a diameter equal to D.  Hill 
recognized that when an indenter has the profile in equation 43 the stress and velocity 
fields under the indenter have certain self similar properties.  He was able to reduce the 
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problem to the calculation of stresses and displacements in a nonlinear elastic solid 
indented by a rigid flat punch. This solution only holds if the strain rates and stresses are 
independent of the loading history and depend only on the instantaneous velocity of the 
indenter.   Hill did not try to solve the reduced problem.  The equations for the reduced 
problem are: 
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where L is load, a is radius of contact, h&  is the indentation speed, oε& , σo, are material 
constants, n is the creep exponent, and Fa(n) and Fp(n) are functions that depend on n but 
do not depend on the shape of the indenter.  Equation 44 is for axisymmetric indenters 
while Eq. 45 is for plane indenters.   
 
Hill also presents a relationship between the contact radius and the indentation depth.   
The relationship is: 
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where he introduces a new constant “c”, which is the ratio of true to nominal contact 
radius.  
 Bower et al. (1993) [21] set out to solve the reduced problem Hill derived by 
finite element analysis.  They also calculated exact solutions for a linear viscous solid 
(n=1) and a rigid perfectly plastic solid (n=∞).   In this paper Bower et al. review Hill’s 
similarity transformation and reveal a new relationship for the constant “c”.   “c” is not 
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only the ratio between the true and nominal contact radii, it also controls the 
displacement of the surface at the edge of the contact.  If c is greater than one then pile up 
occurs around the indenter.  If c is less than one the material sinks in.  The relationship is: 
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where u3(a) is the displacement at the edge of the contact, h is the displacement of the 
indenter, m is an indenter constant (m = 1 for a conical indenter).   
The exact solutions of interest are the solutions for a linear viscous solid indented with an 
axisymmetric punch.  The results for an axisymmetric indenter are:   
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For values of 1/n between 1 and 0, finite element calculations were used to calculate 
values for “c” and F(n).   Bower et al. state that the effects of elasticity are neglected in 
the calculations and that it is assumed that all displacements and strains remain small 
during indentation.  
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Bower et al.’s model is the most complete theoretical analysis of the relationship 
between the uniaxial creep parameter, A, and the indentation creep parameter, B.  The 
linear viscous exact solution described above has been investigated in previous work [2].  
The primary objective of this work is to empirically investigate Bower et al.’s power law 
relationship between A and B.  Therefore, further details of Bower et al.’s power law 
relationship will be presented.  
 Bower et al.’s model begins with the uniaxial creep constitutive equation:   
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where 0ε&  is the uniaxial reference strain rate and σ0 is the uniaxial reference stress.  
Equation 55 fits the form of Eq. 1, where A is defined as: 
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For the indentation creep problem, Bower et al. assume a creeping half space governed 
by the uniaxial creep law in Eq. 55.  Hill’s similarity transformation is used to convert the 
nonlinear viscous creep law to a nonlinear elastic relationship based on the load on the 
indenter and the displacement of the indenter into the surface of the sample as given in 
Eq. 44. Bower et al.’s result for the transformation of an axisymmetric indenter, in terms 
used in this study, is:   
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where a is the contact radius of the indent (assuming an axisymmetric indenter), P is the 
load on the indenter, and the reduced contact pressure, F(n), is solely a function of the 
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creep exponent, n.  This transformation also requires a material that is loading history 
independent.  For a conical indenter, the contact radius, a, is:   
 
αtancha =          (58) 
 
where α is equal to the half included angle of the conical indenter (the Berkovich 
indenter is equivalent to a cone with an α angle of 70.3°, recall Fig. 10), and c, the sink 
in/pile up coefficient, is defined as:   
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where hc is the contact depth.  The definition of the indentation strain rate is recalled from 
Eq. 3: 
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The nominal mean pressure applied by the indenter, assuming no sink in or pile up, is 
defined again as: 
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Substituting equations 3, 58, 59, and 60 into Eq. 57 yields:  
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Equation 61 is an analytical relationship between indentation strain rate and the nominal 
mean pressure under the indenter.  It is important to note that Eq. 61 fits the form: 
 
n
mI Bp=ε&           (2) 
 
which is recalled from Eq. 2.  Relating Eq. 2 to Eq. 61 reveals the analytical definition of 
the indentation material constant, B: 
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Substituting Eq. 56 into Eq. 62 reveals the analytical relationship between uniaxial creep 
and indentation creep as:  
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
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
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)(12 nn nFc
B
A
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This relationship was developed using nominal mean pressure.  It is presented in this 
manner because nominal mean pressure is easy to measure experimentally.  The 
continuous stiffness equation suggests that actual contact areas can be measured if the 
modulus of the specimen is known.  Therefore, actual mean pressures will also be 
calculated in this study.   
 To compare the two methods, the A/B relationship considering actual mean 
pressure will now be presented.  The analytical A/B relationship utilizing actual mean 
pressure is only slightly different then the nominal relationship.  First, the actual mean 
pressure is defined as: 
 
2)( a
P
p actm π
=          (64) 
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where L is the load on the indenter and a is the contact radius.  The change in definition 
of mean pressure alters the relationship presented in equation 61 to: 
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The analytical definition for the indentation creep exponent, calculated with an actual 
mean pressure, is: 

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Substituting the definition of A, the uniaxial creep parameter, from Eq 56 into Eq. 66 
reveals the A/B relationship for actual mean pressure as: 
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For both A/B relationships, A, B, and the sink-in/pile up constant, c are measured in this 
study.  F(n) and c were calculated using FEM  by Bower et. al.  The F(n) and c 
calculations have been improved upon by Sanjoon Sohn.  Sohn utilized improvements in 
FEM software and computing capability to fine tune Bower et. al’s analysis specifically 
for a Berkovich equivalent cone with an α angle equal to 70.3° [22].  Bower et. al and 
Sohn’s  results for F(n) and c are shown in Fig. 15 and 16, respectively.    Sohn’s results 
for F(n) will be used to calculate the indentation creep parameter, B in this study.  Sohns 
FEM calculations of the parameter c will be compared to the empirical calculations of c.  
The results from this study will be compared to Bower et al.’s predictions.  It is 
recognized that some of the parameters discussed in this section are confusing.  A list of 
parameter definitions can be found in appendix I.  
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Figure 15.  Reduced Contact Pressure, F(n) vs. 1/n.  
Sohn 
results for a 
70.3° cone 
 44 
 
 
 
 
 
 
 
c vs. 1/n
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
0 0.2 0.4 0.6 0.8 1 1.2
1/n
c
Sohn
Bower
 
 
Figure 16.  Sink-in/Pile-up Parameter, c vs. 1/n
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Chapter 3 – Experimental Procedures 
 
Sample Preparation 
The preparation of the amorphous selenium samples was surprisingly simple.  The 
material was obtained from Alfa Aesar in pellet form.  The pellets were 2-4 mm in 
diameter and 99.999% pure.  Selenium has a melting temperature of 217°C, so the pellets 
were melted into liquid form on a hot plate under a fume hood.  Selenium must be melted 
under a fume hood because selenium vapors are toxic.  For the indentation test specimens, 
a copper mold was designed to produce round specimens 1.25 inches in diameter and 
about 5 millimeters tall.  Another copper mold was machined to create uniaxial 
compression test specimens 1 cm in diameter and 2 cm tall.  The copper molds were 
chilled in cold water before the liquid selenium was cast.  The chilled copper molds 
removed the heat from the amorphous selenium fast enough to suppress crystallization.  
The as-cast samples have a mirror finish, so polishing isn’t necessary for the indentation 
specimens.  The as-cast uniaxial compression samples were polished flat on both ends to 
ensure uniform contact with the compression testing fixtures.  If a selenium sample is not 
cooled fast enough, the selenium crystallizes and it becomes gray in color without a 
mirror finish.  Final preparations required the indentation samples to be affixed to 
aluminum cylinders with an acetone based glue.  
 
Experimental Setup 
The indentation testing was performed with a MTS Nano Indenter XP and a 
Berkovich indenter.  The MTS Nano Indenter XP equipment is displayed in Fig. 17.  A 
typical indent in amorphous selenium with a Berkovich indenter (25°C) is shown in Fig. 
18.  The Nano Indenter XP setup had to be modified for testing at elevated temperatures.     
Luckily, the housing for the Nano Indenter XP provides the necessary environment for 
elevated temperature control.   The heat source inside the housing was a 250 Watt Lamp  
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Figure 17.  MTS Nano Indenter XP Setup. 
Source:  www.mts.com  
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Figure 18.  Typical Berkovich Indent in Amorphous Selenium at 25.0°C. 
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that was attached to a support member underneath the vibration isolation table.  The 
temperature was controlled with a proportional temperature controller which regulated 
the amount of power supplied to the lamp from the feedback gathered by a RTD.  The 
temperature inside the housing was monitored with two thermistors, and a thermometer 
was inserted inside the sample tray.  The thermometer was linked to the Testworks 
software which is used to operate the Nano Indenter.  This setup allowed for the 
temperature to be recorded during each indentation experiment.  Two small fans (similar 
to computer fans) were placed on the floor inside the housing to circulate the air.  Finally, 
an aluminum heat shield was place directly below the vibration isolation table to 
minimize direct heating from the lamp.  A schematic of the necessary modifications is 
shown in Fig. 19.   
 The indentation projected contact area measurements were conducted in three 
distinct ways.  First, the indents were photographed with a Nikon Coolpix 5000 digital 
camera affixed to a Zeiss Janoplan metallograph.  The observed contacts areas were 
traced and shaded using Adobe Photoshop.  Scion image software was used to calculate 
the contact areas from the shaded images.  The second method for calculating the 
projected contact area utilized a MicroXam interference microscope.  The observed 
contact areas from the images constructed by the Scanning Probe Image Processor (SPIP) 
software were traced and shaded using Adobe Photoshop.  Scion image software was 
used to calculate the projected contact areas from the shaded images.  The final method 
for measuring the projected contact area used the Oliver-Pharr stiffness equation, the 
continuous stiffness measured during the indentation experiments, and the modulus data 
from the literature.        
 The uniaxial compression testing was performed with a MTS 10/GL screw driven 
uniaxial Tensile/Compression machine equipped with an environmental chamber.  Figure 
20 shows an image of the MTS 10/GL with the compression fixtures installed.  Figure 21 
shows the MTS 10/GL with the environmental chamber in position.  Amorphous 
selenium compression samples in the as-cast and final polish conditions are shown in  
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Figure 19.  Schematic of High Temperature Experimental Setup.
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Figure 20.  MTS 10/GL with Compression Fixtures Installed 
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Figure 21.  MTS 10/GL with Environmental Chamber in Position 
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Figure 22.  The MTS 10/GL test setup had to be modified for testing at elevated 
temperatures.     The environmental chamber was designed to control at temperatures 
much higher then the temperatures required for this study.   Therefore, to obtain the 
accuracy of +/- 0.1C desired for this study, the temperature control setup used for the 
nanoindentation tests was installed inside the environmental chamber.  The 250 watt 
lamp was affixed to the wall near the top of the chamber.   Three small computer fans 
were placed on the floor inside the chamber to circulate the air.  The temperature was 
controlled with a proportional temperature controller which regulated the amount of 
power supplied to the lamp from the feedback gathered by an RTD.  The temperature 
inside the housing was monitored by the chamber’s thermocouple (which extends into the 
center of the chamber) and a thermometer placed on the bottom of the chamber.  The 
thermometer was linked to the Testworks software which was used to operate the MTS 
10/GL.  This setup allowed for the temperature to be recorded, continuously, during each 
compression experiment.  
 
Test Methods 
Experiments were designed to indent amorphous selenium under many different loading 
conditions and at temperatures above and below the glass transition temperature.  It was 
decided that the amorphous selenium samples would be tested by three fundamentally 
different methods and many different loading conditions at temperatures of 20.0°C, 
25.0°C, 30.0°C, 35.0°C, and 40.0°C.  These experiments will be used characterize the 
power law indentation creep behavior of amorphous selenium.   
The first method discussed will be the load and hold method.  In this method, the indenter 
is loaded to a prescribed load in ten seconds and then held for an hour or until a depth 
limit was reached.  This method was repeated for multiple loads.  The range of prescribed 
loads was a function of the testing temperature because of the drastic change in properties 
of amorphous selenium above the glass transition temperature of 31°C.  The prescribed 
loads were as follows:  20.0°C – 500mN, 400mN, 300mN, 200mN, and 100mN,  25.0°C 
– 500mN, 400mN, 300mN, 200mN, and 100mN, 30.0°C – 500mN, 400mN, 300mN,  
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Figure 22.   
Amorphous Selenium Uniaxial Compression Sample:  
As-Cast and Final Polish  
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200mN, 100mN, and 50mN, 35.0°C – 300mN, 200mN, 100mN, 50mN, 25mN, 10mN, 
5mN, and 2mN, 40.0°C – 100mN, 25mN, 5mN, 2mN, and 1mN. 
The second method is the constant loading rate method.  During this type of test, 
the indenter indents the surface of the sample at a constant loading rate until a depth of 
7000 nm is reached.  Multiple constant loading rates were selected to produce a variety of 
loading conditions.  The constant loading rates were as follows:  20.0°C – 4mN/s, 
0.3mN/s, and 0.02mN/s, 25.0°C – 4mN/s, 0.3mN/s, and 0.02mN/s, 30.0°C – 4mN/s, 
0.3mN/s, and 0.02mN/s, 35.0°C – 4mN/s, 0.3mN/s, 0.02mN/s, and 0.001mN/s, 40.0°C – 
4mN/s, 0.3mN/s, and 0.02mN/s. 
The final test method used in this study is the constant loading rated divided by 
the load, PP& , or constant strain rate, method developed by Lucas.  As previously 
discussed, this method holds the strain rate and the mean pressure constant throughout the 
test.  During a test performed with this method, the indenter penetrates the surface of the 
sample at a constant PP&  rate to a depth of 7000nm.  The constant values of  PP&  
selected for this study included 0.405 s
-1
, 0.135 s
-1
, 0.045 s
-1
, and 0.015 s
-1
.  These rates 
were used at all five test temperatures.  As the properties of selenium change with the 
change in temperature, the constant PP&  rates produce different values of mean pressure.  
Indentation contact area measurement experiments were conducted with the 
constant loading rate method described above.   All of the samples were tested with a 
constant loading rate of 0.3mN/s.  Samples were tested at 25.0°C, 30.0°C, 35.0°C, and 
40.0°C.  This loading rate was selected because the projected contact area transitions 
from pile-up to sink-in across the temperature range of 25.0°C to 40.0°C.  The samples 
tested at temperatures above the glass transition temperature, 31°C, were quenched in ice 
water after the completion of the last indent.  The ice water quench was done to minimize 
post test flow of the amorphous selenium.  Comparing the results of the three area 
measurement techniques will test the validity of the Oliver-Pharr stiffness equation.       
Displacement rate controlled uniaxial compression experiments were conducted 
to generate uniaxial data to relate to the indentation results. The loads and displacements 
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were recorded during each experiment.  The tests were conducted under many different 
displacement rates at temperatures of 25.0°C, 30.0°C, 35.0°C, and 40.0°C.  The constant 
displacement rates were as follows:  25°C and 30°C – 0.2mm/s, 0.02mm/s, 0.0066mm/s, 
0.002mm/s, 0.00066mm/s, 35°C -  0.2mm/s, 0.02mm/s, 0.0066mm/s, 0.004mm/s , 
0.002mm/s, 0.00066mm/s, 40°C – 0.2mm/s, 0.132mm/s, 0.066 mm/s, 0.02mm/s, 
0.002mm/s.  These experiments will be used to characterize the uniaxial power law creep 
behavior of amorphous selenium.    
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Chapter 4 – Results and Discussion 
 
Nanoindentation Creep Results 
 The nanoindentation results from the amorphous selenium samples will be briefly 
discussed.  The results obtained at 25.0°C will be presented.  The results of the load and 
hold method are described first.  Figure 23 shows the load on the sample as a function of 
displacement into the surface for each of the prescribed loads.  The results in Figure 23 
represent the average of 10 individual indents for each loading condition.  The tests 
performed on the amorphous selenium samples were very repeatable with small scatter 
bars that are usually within the width of the data point.  Fig. 24 displays the nominal 
mean pressure as a function of displacement into the surface for each testing condition.  It 
should be noted that the calculation of nominal mean pressure assumes no sink in or pile 
up.  The results in Fig. 24 show that even though the different prescribed loads caused the 
hold segments to start at different indentation depths, the hardness at the beginning of the 
hold segment of each sample was approximately 0.4GPa.  The different loads did affect 
the creep rate of the indenter.  Therefore, the rate at which the mean pressure dropped 
during the hold segment was also affected.  Figure 25 shows the indentation strain rate as 
function of nominal mean pressure for the hold portion for each sample.  The data is 
plotted in this fashion to fit the indentation creep constitutive equation described in 
chapter 1.  When the data is plotted this way, all of the hold data collected from the 
samples with different prescribed loads falls onto one curve.  This result verifies that 
creep data collected during load and hold tests on amorphous selenium are not affected 
by the load or indentation depth from which the hold segment is initiated.  In other words, 
the indentation creep results are not affected by this impact of the loading history.   
The second method discussed in chapter 3 is the constant loading rate method.  
The load on the sample as a function of displacement into the surface for the constant 
loading rate experiments is shown in Fig. 26.  Figure 27 displays the load on the sample  
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Load and Hold Data 25.0°C 
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Figure 23.  Load and Hold Data 25.0°C:  Load on Sample vs. Displacement into the 
Surface. 
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Comparison of Load and Hold Data at 25.0°C
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Figure 24.  Load and Hold Data 25.0°C:  Nominal Mean Pressure vs. Displacement 
into the Surface. 
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Comparison of Load and Hold Data at 25.0°C
Indentation Strain Rate vs. Nominal Mean Pressure
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Figure 25.  Load and Hold Data 25.0°C:  Indentation Strain Rate vs. Nominal Mean 
Pressure. 
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Constant Load Rates Data 25.0C
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Figure 26.  Constant Loading Rate Data 25.0°C:  Load on Sample vs. Displacement 
into Surface. 
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Loading Rate Tests 25.0C
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Figure 27.  Constant Loading Rate Data 25.0°C:  Load on Sample vs. Time. 
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as a function of time.  From Figs. 26 and 27 it is shown that the loading rates differ by as 
much as two orders of magnitude and can take less than a minute or more than 3 hrs to 
penetrate a sample to a depth of 7000nm.  This large difference in loading rates provides 
a wide range of loading conditions.  Figure 28 shows the nominal mean pressure as a 
function of displacement into the surface.  This figure shows that during this type of 
experiment the nominal mean pressure is both a function of the loading rate and also the 
displacement into the surface of the sample.  Also, like the previous method, the nominal 
mean pressure decreases as the displacement into the surface increases.  Figure 29 shows 
the indentation strain rate as a function of nominal mean pressure.  This data, like the 
results from the previous method, can also be plotted approximately on one line.  This 
method shows that indentation loading rate does not affect the indentation creep 
properties of amorphous selenium.  The nominal mean pressure is only a function of the 
indentation strain rate, while the indentation strain rate is only a function of the current 
velocity of the indenter.  This result is further evidence of the loading history 
independence of amorphous selenium.    
The final indentation experimental method is the constant strain rate method.   
Figure 30 shows the load on the sample as a function of displacement into the surface for 
each of the constant PP& samples.  This figure looks a lot like Fig. 26, the load on the 
sample as a function of displacement into the surface for the constant loading rate tests.  
The difference between these methods becomes obvious when comparing Fig. 27, the 
load as function of time for the constant loading rate method, with Fig. 31.  Figure 31 
displays the load as a function of time for the constant strain rate method.  It shows that 
the loading rate during this type of experiment is not constant and actually increases 
rapidly as the indenter penetrates into the surface of the sample.  The velocity of the 
indenter must increase during this method to keep the strain rate and the mean pressure 
constant as a function of displacement into the surface.  Figures 32 and 33 show the strain 
rate and the mean pressure as a function of displacement into the surface.  These figures 
show that indeed both the indentation strain rate and the nominal mean pressure are  
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Figure 28.  Constant Loading Rate Data 25.0°C:  Nominal Mean Pressure vs. 
Displacement into the Surface. 
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Comparison of Loading Rates Data at 25.0°C
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Figure 29.  Constant Loading Rate Data 25.0°C:  Indentation Strain Rate vs. 
Nominal Mean Pressure. 
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Pdot/P  Data 25.0°C
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Figure 30.  Constant 
P
P&
 Data 25.0°C: Load on Sample vs. Displacement into Surface. 
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Pdot/P Tests 25.0C
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Figure 31.   Constant 
P
P&
 Data 25.0°C: Load on Sample vs. Time. 
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Pdot/P data 25.0°C
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Figure 32.   Constant 
P
P&
 Data 25.0°C: Indentation Strain Rate vs. Displacement into 
Surface. 
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Comparison of Pdot/P Data at 25.0°C
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Figure 33.  Constant 
P
P&
 Data 25.0°C:  Nominal Mean Pressure vs. Displacement 
into Surface.   
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essentially constant during the entire experiment.  Since this is a load controlled 
experiment and the indentation strain rate is measured, the concept of the constant strain 
rate method is proven.  Therefore, when the indentation strain rate is plotted as a function 
of nominal mean pressure, each constant value of PP&  (which is equal to the strain rate 
times two) yields a different nominal mean pressure.  This result is displayed in Fig. 34.  
Data was collected for each temperature in the same manner as the results described for 
the 25.0°C experiments.  A detailed presentation of the amorphous selenium results can 
be found in previous work [2].   
 Figure 35 shows a comparison of all the data from each of the three different 
indentation methods at five different temperatures ( 20.0°C, 25.0°C, 30.0°C, 35.0°, and 
40.0°C).    The data is plotted as the indentation strain rate as a function of the nominal 
mean pressure under the indenter.  Figure 35 shows that the mechanical properties of 
amorphous selenium are truly loading history independent.   The experimental results not 
only agree when the loading conditions change within a method, but the results from each 
method are also in agreement. For each temperature, the results from the different 
methods all come together to form a single data set.  These results solidify the fact that 
amorphous selenium is loading history independent over a wide range of loading 
conditions and temperatures.  This data describes the power law indentation creep 
behavior.   The uniaxial power law creep data collected in this study will be related to 
these results.   
 
Creep Exponent, n Calculation 
 The creep exponent, n, is calculated from Eq. 2.  Therefore, by definition, the 
creep exponent is the slope of the data in Fig. 35.    For most of the indentation data, the 
creep exponent is not constant as a function of nominal mean pressure.  To calculate the 
change in the creep exponent as a function of the nominal mean pressure, an Excel 
spreadsheet was used to calculate an average slope for the log of indentation strain rate 
and the log of nominal mean pressure for every 5 data points.  Since the plot of 
indentation strain rate as a function of mean pressure is the same for every experimental  
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Figure 34.  Constant 
P
P&
 Data 25.0°C:  Indentation Strain Rate vs. Nominal Mean 
Pressure. 
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Figure 35.  Comparison of all Data:  Indentation Strain Rate vs. Nominal Mean 
Pressure. 
 
Loading rate tests= Blue 
 
     tests=Black 
 
Load and hold tests=Red 
P
P&
 72 
 loading condition at each temperature, one or two loading conditions were selected to 
represent the entire range of mean pressure for each temperature.  The results of these 
calculations are plotted in Fig. 36.  Figure 36 displays several interesting features.  The 
25.0°C and 30.0°C (below Tg) data shows that the creep exponent is a strong function of 
the nominal mean pressure.  The 35.0°C data is still a strong function of nominal mean 
pressure but at small nominal mean pressures, the creep exponent approaches one.  
Linear creep is constant throughout the 40.0°C data experiments.  The creep exponent as 
a function of actual mean pressure in Fig. 37 shows the same behavior as Fig. 36.  One 
would expect slightly different n values when considering the actual mean pressure as 
opposed to the nominal mean pressure used to calculate n in this study.  Additional 
calculations using n values derived from the actual mean pressure are not presented in 
this study for two reasons.  First, there is more noise in the n values calculated from the 
actual mean pressure data because of the additional calculations required to generate the 
actual mean pressure.  To calculate the actual mean pressure, the Oliver-Pharr stiffness 
equation must be used along with the calculated contact stiffness, and the known modulus 
of amorphous selenium as a function of temperature.  The Oliver-Pharr stiffness equation 
was presented as: 
 
A
S
Er
2
π
=            (6) 
 
 
where S is the experimentally measured contact stiffness, Er is the reduced modulus, and 
A is the indent contact area.  The reduced modulus was defined through the equation: 
 
ir EEE
i
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−
=           (7) 
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Figure 36.  Creep Exponent vs. Nominal Mean Pressure 
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Figure 37.  Creep Exponent vs. Actual Mean Pressure 
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 where E is modulus of the specimen, Ei is the modulus of the indenter, ν is the Poisson’s 
ratio of the specimen, and νi is the Poisson’s ratio of the indenter.  The actual mean 
pressure is calculated by dividing the load channel by the calculated contact area.   The 
nominal mean pressure is calculated directly from the load and displacement channels of 
the Nanoindenter XP and an area function calculated for the Berkovich indenter by the 
MTS Analyst software.  Second, the differences in the results from the two n calculations 
were not substantial.  Any differences were lost in the noise of the actual mean pressure 
calculation.  Therefore, the n values calculated from the nominal mean pressure will be 
used throughout this study. 
 
Area Calculations and Sink-in/Pile-up Analysis 
 An additional indentation experiments was designed to test the ability of the 
Oliver-Pharr equation to predict the projected contact area, during conditions ranging 
from pile-up to sink-in.  Figure 38 shows the load on the sample as a function of 
displacement into the surface for a constant loading rate of 0.3mN/s at temperatures of 
25.0°C, 30.0°C, 35.0°, and 40.0°C.  Five indents were performed for each experimental 
condition (one indent failed at 25.0°C).  The experiments were halted when the indenter 
penetrated 7000nm into the surface of the sample.  The test temperature range yielded 
maximum loads ranging from 20mN-400mN.  The elastic recovery of the indents 
decreased as a function of increasing test temperature.  The average elastic recovery was 
as follows:  25.0°C -1612 nm, 30.0°C – 801 nm, 35.0° - 403 nm, and 40.0°C – 36 nm.   
Each indent at all four temperatures was analyzed.  The results at each temperature were 
consistent.  Therefore, one example from each temperature will be presented.   
 Figure 39 shows an optical image of indent #1 at 25.0°C.  The edges of the indent 
appear straight.  Straight edges are historically characteristic of an indent that is not 
significantly piled-up or sunk-in.  Figure 40 displays a MicroXam interference 
microscope image of the same indent.  In this image significant pile-up becomes apparent.  
The interference microscope software, SPIP, can also construct a profile of the indent.  
The cross sections of the indents were taken from the corners to the center of the faces.  
Figures 41-43 show the cross sections of an indent at 25°C as well as the corresponding 
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Figure 38.  Area Measurement Experiments:  Load vs. Displacement 
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Figure 39.  Optical image of 25.0°C Indent #1 – 0.3mN/s constant loading rate.
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Figure 40.  MicroXam Image of 25.0°C Indent #1– 0.3mN/s constant loading rate 
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Figure 41.  Profile #1 of 25.0°C Indent #1 – 0.3mN/s Constant Loading Rate 
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Figure 42.    Profile #2 of 25.0°C Indent #1 – 0.3mN/s Constant Loading Rate. 
 81 
 
 
 
 
 
 
Figure 43.  Profile #3 of 25.0°C Indent #1 – 0.3mN/s Constant Loading Rate.
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profiles.  The profile results show that the pile up at the center of the face varies from 
face to face, ranging from 0.33 to 0.64 microns for all 4 indents.  The difference in pile-
up heights suggests that the samples were not aligned exactly perpendicular to the 
indenter.   
 Figure 44 shows an optical image of an indent at 30.0°C.  As with the 25.0°C 
indent, the edges of the 30.0°C indent appear straight.  The analysis with the interference 
microscope is shown in Figure 45.  Figure 45 suggests that the indents at 30.0°C are also 
piled up, but the pile-up is less severe then the pile-up displayed by the 25.0°C sample.  
Figure 46 displays a MicroXam image showing the location of one of the profiles of an 
indent at 30.0°C and the corresponding profile.  Again, the pile-up differs slightly from 
face to face, with pile-up ranging from 0.02 to 0.18 microns over all five indents.   
Comparing the optical images of 25.0°C and 30.0°C, the indents appear to be very similar.  
In reality, the 25°C indents are piled up significantly higher then the 30.0°C indents.  
Figure 47 shows the optical image of a 35.0°C indent.  The edges of the indent are 
concave.  When the edges of an indent appear concave, it is indicative of sink-in.  The 
interference microscope image of the 35.0°C sample is shown in Figure 48.  Figure 48 
shows that the 35.0°C indents are indeed sunk-in.  Figure 49 displays a MicroXam image 
showing the location of one of the profiles of an indent at 35.0°C and the corresponding 
profile.   The results show that the 35.0°C indents display sink-in both locally and long 
range.  In other words, the centers of the faces are sunk-in below the plane of the indent 
while the entire indent is sunk-in below the surface of the sample.  The profiles show that 
the 35.0°C indents display sink-in ranging from 0.8 to 1.0 microns.  Figure 50 shows an 
optical image of a sample indented at 40.0°C.  As expected, the edges of the 40.0°C 
indent appear to be more bowed in then the 35.0°C sample.  The MicroXam image shown 
in Fig. 51 confirms the extreme sink-in of the 40.0°C samples.  Figure 52 displays a 
MicroXam image showing the location of one of the profiles of an indent at 40.0°C and 
the corresponding profile.  The profile in Fig. 52 shows the difficulty in measuring the 
contact depth due to the extreme long range sink-in surrounding the 40°C indents.  The  
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Figure 44.  Optical image of 30.0°C Indent #5 – 0.3mN/s constant loading rate. 
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Figure 45.  MicroXam Image of 30.0°C Indent #5 – 0.3mN/s constant loading rate  
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Figure 46.  Profile #2 of 30.0°C Indent #5 – 0.3mN/s Constant Loading Rate. 
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Figure 47.  Optical image of 35.0°C Indent #5 – 0.3mN/s constant loading rate. 
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Figure 48.  MicroXam Image of 35.0°C Indent #5– 0.3mN/s Constant Loading Rate. 
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Figure 49.  Profile #2 of 35.0°C Indent #5 – 0.3mN/s Constant Loading Rate.  
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Figure 50.  Optical image of 40.0°C Indent #5 – 0.3mN/s constant loading rate. 
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Figure 51.  MicroXam Image of 40.0°C Indent #5 – 0.3mN/s constant loading rate  
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Figure 52.  Profile #2 of 40.0°C Indent #5 – 0.3mN/s constant loading rate  
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original surface of the sample, which is the point of reference for measuring contact 
depth, is difficult to estimate from interference microscope images and profiles for the 
35.0°C and 40.0°C indents.  This is in contrast to the 25.0°C and 30.0°C indents for 
which the original surface of the sample is easily identified.     
 The area measurements for the 0.3mN/s indents are presented in Tables 2 and 3.  
Table 2 compares the measured areas, from the optical images, of each indent to the area 
of the indent if sink-in and pile up are not considered (nominal area), the O & P (Oliver- 
Pharr) area, which utilizes an area function calculated for the indenter by MTS Analyst 
software, and the area calculated from the continuous stiffness measurement and the 
Oliver-Pharr stiffness equation (assumed E area).  The stiffness equation area is called the 
assumed E area because the modulus as a function of temperature must be known.  Table 
3 shows the same comparison as Table 2 except the measured areas are from the 
interference microscope images instead of the optical images.  The results show that the 
Oliver-Pharr method, which is derived from elastic contact models, is able to predict the 
contact area for the 25.0°C indents which display a considerable amount of elastic 
recovery.  The Oliver-Pharr method’s ability to predict the contact area deteriorates as the 
test temperature increases and the indentation transitions from elastic-plastic to mostly 
plastic.    During a purely plastic indent the Oliver-Pharr method, which relies on elastic 
recovery to correct for sink-in, can not compensate. Therefore, at 40.0°C, where the 
indent is mostly plastic, the Oliver-Pharr method area measurement approaches the 
nominal area.   The nominal area is calculated from an area function derived by MTS 
Analyst software and the displacement channel.  The area calculated from the Oliver-
Pharr stiffness equation, the assumed E area, does a superior job of predicting the contact 
area at the elevated temperatures.  This method was able to calculate the contact area to 
+/- 16%.   The pile up and sink-in associated with the indents at 25.0°C, 35.0°C, and 
40.0°C made it more difficult to measure the contact areas from the optical and 
interference microscope images.  The assumed E area method predicted the 30.0°C 
contact areas, which have been shown to have only a small amount of pile up, to +/- 2%.   
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Table 2.  Area Calculations Compared to Optical Measurements 
 
 
Max % Indent Nominal %Diff O&P %Diff O&P Indent %Diff
Indent Depth Elastic Area Indent from Indent from Max Area from
Recovery Measured Area measured Area measured Depth AssumedE measured
nm microns
2
microns
2
area microns
2
area nm microns
2
area
(Optical)
1 7002 23 1064 1213 14 979 -8 6287 979 -8
2 7002 23 1063 1213 14 979 -8 6286 980 -8
3 7002 23 1041 1213 17 978 -6 6285 975 -6
4 7002 23 954 1213 27 979 3 6287 978 3
1 7003 11 847 1213 43 1082 28 6611 832 -2
2 7003 12 838 1213 45 1081 29 6607 832 -1
3 7003 11 840 1213 44 1081 29 6608 833 -1
4 7003 11 836 1213 45 1081 29 6608 835 0
5 7003 12 837 1213 45 1081 29 6607 836 0
1 7010 6 588 1216 107 1153 96 6826 533 -9
2 7011 6 569 1216 114 1153 103 6825 537 -6
3 7008 6 598 1215 103 1151 92 6819 534 -11
4 7010 6 582 1216 109 1152 98 6823 538 -8
5 7010 6 584 1216 108 1151 97 6821 521 -11
1 7035 0.5 420 1224 191 1194 184 6945 372 -11
2 7036 0.6 444 1225 176 1194 169 6947 372 -16
3 7035 0.5 408 1224 200 1193 192 6945 374 -8
4 7036 0.5 414 1225 196 1194 188 6946 374 -10
5 7035 0.6 389 1224 215 1194 207 6947 374 -4
40C
0.3mN/s
25C
30C
35C
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Table 3.  Area Calculations Compared to MicroXam Measurements 
 
 
Max % Indent Nominal %Diff O&P %Diff O&P Indent %Diff
Indent Depth Elastic Area Indent from Indent from Max Area from
Recovery Measured Area measured Area measured Depth AssumedE measured
nm microns
2
microns
2
area microns
2
area nm microns
2
area
(MicroXam)
1 7002 23 989 1213 23 979 -1 6287 979 -1
2 7002 23 998 1213 22 979 -2 6286 980 -2
3 7002 23 951 1213 28 978 3 6285 975 3
4 7002 23 913 1213 33 979 7 6287 978 7
1 7003 11 813 1213 49 1082 33 6611 832 2
2 7003 12 832 1213 46 1081 30 6607 832 0
3 7003 11 826 1213 47 1081 31 6608 833 1
4 7003 11 832 1213 46 1081 30 6608 835 0
5 7003 12 840 1213 44 1081 29 6607 836 0
1 7010 6 544 1216 124 1153 112 6826 568 4
2 7011 6 552 1216 120 1153 109 6825 572 4
3 7008 6 553 1215 120 1151 108 6819 569 3
4 7010 6 565 1216 115 1152 104 6823 573 1
5 7010 6 530 1216 129 1151 117 6821 555 5
1 7035 0.5 404 1224 203 1194 196 6945 372 -8
2 7036 0.6 381 1225 222 1194 213 6947 372 -2
3 7035 0.5 389 1224 215 1193 207 6945 374 -4
4 7036 0.5 389 1225 215 1194 207 6946 374 -4
5 7035 0.6 444 1224 176 1194 169 6947 374 -16
40C
0.3mN/s
25C
30C
35C
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The assumed E area calculation method predicts the mostly plastic contact areas more 
accurately then the Oliver-Pharr method because it relies on the continuous stiffness.  The 
force oscillation on the indenter, 45Hz with an amplitude of 2 nm, produces an elastic 
response from which the contact stiffness is continuously measured throughout the 
experiment without affecting the strain rate of the indent.  Therefore, the contact stiffness 
can be continuously measured during a purely plastic indent and the assumed E method 
can account for sink-in without elastic recovery. 
 To analyze Bower’s ability to predict sink-in and pile up, an empirical study of 
the parameter, c was conducted.  To test Bower’s model, the indent profiling results were 
used to derive the sink-in/pile-up parameter, c.  Bower’s model predicts the sink-in/pile-
up of a conical indentation.  The face centered profiles of the pyramidal indents in this 
study are the best comparison that can be made to Bower’s prediction because the corners 
of the indent hinder sink-in and pile-up.  The parameter c is simply the ratio of the 
contact depth to the total indent depth.  The pile-up or sink-in (on each of the three faces) 
was measured for each indent with the MicroXam software.  The total indent depth was 
recorded for each indent by the Testworks software.  The contact depth was calculated as 
the indent depth plus or minus the measured pile-up or sink-in, respectively.  The results 
for 25.0°C, 30.0°C, 35.0°C, and 40.0°C are shown in Tables 4, 5, 6, and 7, respectively.   
Tables 4 and 5 show the pile up results for the 25.0°C and 30.0°C indents.  In both cases 
the profiles show consistent pile-up values over all samples.  The results in Tables 6 and 
7, for the 35.0°C and 40.0°C indents, show the sink-in results.  The 35.0°C profiles also 
showed consistent results over all samples.  The 40.0°C results in Table 7 show some 
time dependent temperature effects.  It was explained in the Chapter 3, that the samples 
were quenched in ice water after the final indent to minimize post-test temperature effects 
on the indents, specifically those tested near or above the glass transition temperature of 
31°C.  The final two indents (indent #4 and #5) for the 40.0°C sample show progressively 
more sink-in, suggesting that the water quench arrested some post indent flow.  The first 
three indents did not have the benefit of the water quench as they had to wait for at least a 
30 minutes for the final two indents to take place.  The fact that indent 5 shows more   
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Table 4.  25.0°C Sink-in/Pile-up Parameter, c 
 
Indent Profile Pile up Indent Depth C
microns microns
1 1 0.386 7.002 1.06
1 2 0.592 7.002 1.08
1 3 0.453 7.002 1.06
2 1 0.395 7.002 1.06
2 2 0.527 7.002 1.08
2 3 0.406 7.002 1.06
3 1 0.393 7.002 1.06
3 2 0.642 7.002 1.09
3 3 0.497 7.002 1.07
4 1 0.333 7.002 1.05
4 2 0.547 7.002 1.08
4 3 0.413 7.002 1.06
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Table 5.  30.0°C Sink-in/Pile-up Parameter, c 
 
Indent Profile Pile up Indent Depth C
microns microns
1 1 0.0203 7.003 1.00
1 2 0.165 7.003 1.02
1 3 0.094 7.003 1.01
2 1 0.0308 7.003 1.00
2 2 0.134 7.003 1.02
2 3 0.0816 7.003 1.01
3 1 0.0179 7.003 1.00
3 2 0.144 7.003 1.02
3 3 0.0382 7.003 1.01
4 1 0.086 7.003 1.01
4 2 0.178 7.003 1.03
4 3 0.0927 7.003 1.01
5 1 0.0435 7.003 1.01
5 2 0.158 7.003 1.02
5 3 0.084 7.003 1.01
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Table 6.  35.0°C Sink-in/Pile-up Parameter, c 
 
Indent Profile Sink in Indent Depth C
microns microns
1 1 1.17 7.01 0.83
1 2 0.946 7.01 0.87
1 3 0.958 7.01 0.86
2 1 1.33 7.011 0.81
2 2 1.42 7.011 0.80
2 3 0.976 7.011 0.86
3 1 1.23 7.008 0.82
3 2 1.16 7.008 0.83
3 3 0.998 7.008 0.86
4 1 1.28 7.01 0.82
4 2 1.09 7.01 0.84
4 3 1.18 7.01 0.83
5 1 1.4 7.01 0.80
5 2 1.47 7.01 0.79
5 3 1.21 7.01 0.83
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Table 7.   40.0°C Sink-in/Pile-up Parameter, c 
 
Indent Profile Sink in Indent Depth C
microns microns
1 1 1.07 7.035 0.85
1 2 1.18 7.035 0.83
1 3 1.09 7.035 0.85
2 1 1.12 7.036 0.84
2 2 1.04 7.036 0.85
2 3 1.14 7.036 0.84
3 1 1.23 7.035 0.83
3 2 1.023 7.035 0.85
3 3 1.2 7.035 0.83
4 1 1.27 7.036 0.82
4 2 1.46 7.036 0.79
4 3 1.47 7.036 0.79
5 1 1.52 7.035 0.78
5 2 1.45 7.035 0.79
5 3 1.89 7.035 0.73
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sink-in then indent 4 is consistent with the fact that indent 4 spent more time at 
temperature then indent 5 which was quenched shortly after the indent was completed. 
 Table 8 shows a comparison of Bower et. al  FEM calculation of the sink-in/pile-
up parameter, c, with the empirical data in this study.  The c parameter is a function of n. 
 For this group of experiments, n was not a constant.  The value of n at the end of each 
experiment was chosen to correlate an analytical c value to the experimental results.    
The empirical results in table 8 are the averages of the three profiles from each indent at 
each temperature except for the 40.0°C sample.  In this case, the average of the three 
profiles from indent #5, the final indent, are presented because it is believed to be least 
effected by post-test time dependent temperature effects.  The average c value over all the 
profiles at 40.0°C was 0.82.  The results show that Sohn predicts the sink-in pile up 
parameter c, based on the height of the center of a pyramidal indent face, to within 10 
percent. 
 This sink-in/pile-up parameter c, is also defined as the ratio of contact radius to 
the nominal radius.  Therefore, the ratio of contact area to nominal indent area is equal to 
c
2
.  This definition was investigated with the areas calculated in this study.  The results 
for the areas measured from the optical microscope images and the interference 
microscope images are presented in Tables 9 and 10, respectively.  The total or nominal 
area was calculated from the total indent depth and the indenter’s area function.  The 
analytical c values were selected just as they were for the center of face height analysis.   
The results are consistent for both methods.  Sohn’s prediction for c is approximately 15 
to 30 percent higher then the measured values at each temperature.  Again, Sohn’s 
analysis is based on the contact area of a cone and not a pyramidal indenter.  The contact 
area of a conical indenter is consistent around the entire perimeter.  The sink-in/pile-up 
effects during a pyramidal indentation are disrupted at the corners causing a parabolic 
shaped contact surface on each face of the pyramid.  This may account for the majority of 
the difference between the empirical results and Sohn’s prediction as well as explain why 
the face center height c value is closer to Sohn’s prediction.  A graphical representation 
of this data is presented in Figure 53.   
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Table 8.  Comparison of Theoretical and Empirical Sink-in/Pile-up Parameter, c 
 
Temp n c Sohn c measured STD % Diff
25.0 8.41 1.19 1.066 0.03 10.420168
30.0 3.46 1.08 1.013 0.01 6.2037037
35.0 1.57 0.87 0.831 0.02 4.4827586
40.0 1.18 0.74 0.7697 0.05 -4.0135135
C from the height of the center of the indent face
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Table 9.  c Calculations From Optical Areas 
 
temp c std c Sohn %diff
25.0 0.92 0.0429 1.19 26.8
30.0 0.83 0.0036 1.08 24.8
35.0 0.69 0.0088 0.87 17.7
40.0 0.58 0.0128 0.74 15.8
c from optical area
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Table 10.  c Calculations From Inference Microscope Areas 
 
Temp c std c Sohn % Diff
25.0 0.89 0.0321 1.19 29.9
30.0 0.83 0.0083 1.08 25.4
35.0 0.67 0.0106 0.87 19.8
40.0 0.57 0.0207 0.74 16.7
C calculated from MicroXam areas
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Figure 53.  c vs. 1/n 
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Uniaxial Compression Results 
 The uniaxial compression testing was successful at generating uniaxial strain rate 
as a function of mean pressure data over the range observed in the indentation 
experiments.  The results were a strong function of strain rate and temperature.  Figure 54 
shows a pre test sample and two post test samples.  The sample tested at 25.0°C and 
0.2mm/s shattered with minimal plastic deformation.  The sample tested at 35.0°C and 
0.002mm/s flowed plastically.  A summary of the post test samples is shown if Figs. 55-
58.  Figure 55 shows the test conducted at 25.0°C.  The test conducted at 0.2 mm/s, 
0.02mm/s, and 0.066 displayed predominately elastic deformation before shattering.  The 
samples tested at 0.002mm/s and 0.0006mm/s showed some plastic deformation.  These 
samples chipped and cracked but did not shatter.  Figure 56 shows a comparison of the 
post test samples at 30.0°C.   The samples tested at 30.0°C show a change in the behavior 
of the amorphous selenium as it approaches the glass transition temperature of 31°C.  The 
sample tested at 0.2mm/s still shattered, but the subsequent slower displacement rates did 
not shatter.  The samples plastically deformed into a barrel shape.  The barreling became 
less predominate as the displacement rate was reduced and the deformation became more 
uniform.  The samples tested at 30.0°C were stopped at around 30% strain. Figure 57 
shows the 35.0°C post test compression samples.  Since the samples tested at 35.0°C 
were several degrees above the glass transition temperature, the samples no longer 
shattered regardless of the displacement rate.  The samples tested at 0.2mm/s and 0.02 
mm/s developed longitudinal cracks and split apart.  The samples tested at 0.002 and  
0.00066mm/s plastically deformed until the safety stop on the MTS 10/GL screw driven 
uniaxial Tensile/Compression machine was reached.  Once amorphous selenium 
displayed the ability to flow plastically with out failing at the slower displacement rates, 
the tests at 0.0066mm/s and 0.004mm/s were stopped at 50% strain.  The 40.0°C post test 
compression samples are shown in Fig. 58.  The 40.0°C post test samples plastically 
flowed regardless of the displacement rate.  The samples barreled at the faster 
displacement rates.  The barreling was minimized at the slower displacement rates. 
 
 106 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 54.  Compression samples:  Effects of Temperature and Strain Rate 
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Figure 55.  25.0°C Post-test compression samples 
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Figure 56.  30.0°C Post-test compression samples 
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Figure 57.  35.0°C Post-test compression samples 
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Figure 58.  40.0°C Post-test compression samples 
 
 
 
 
 
 
0.2 mm/s 
0.132 mm/s 
0.066mm/s 
0.02 mm/s 
0.002 mm/s 
40C Samples 
 111 
 
 The stress-strain data from the compression tests will be used to analyze the 
relationship between uniaxial creep and indentation creep.  Figs. 59-62 show the stress-
strain curves for each test temperature.  All four figures will show the engineering stress 
strain curves and the true stress-strain curves.  The true stress was estimated by a 
conservation of volume calculation.  Figure 59 shows the stress-strain data for the 
compression tests conducted at 25.0°C.  The 25.0°C stress-strain curves are a strong 
function of displacement rate.  The fastest displacement rate shows about 3% elastic 
strain before failure with no plastic strain.  The tests conducted at 0.02mm/s and 
0.0066mm/s show elastic strain followed by minimal plastic strain before failure.  When 
the strain rate is slowed to 0.002mm/s and 0.00066mm/s the samples display a reduction 
in strength after the yield point that is followed by steady state stress-strain behavior.  
This strength reduction is typical elastic-plastic stress-strain behavior of bulk amorphous 
metals[22] and is displayed at each test temperature.     
 Figure 60 shows the stress-strain curves for the compression tests conducted at 
30.0°C.  The 30.0°C stress-strain curves are also a strong function of displacement rate.  
The fastest displacement rate, 0.2mm/s, displayed only elastic strain before failure.  The 
slower displacement rates show elastic strain followed by a stress reduction after yield 
and then steady state.  The yield point is lower and the stress reduction is smaller as the 
displacement rate is reduced.   These two factors minimize the steady state stress 
dependence on the displacement rate.  The steady state stress for all displacement rates 
was between 0.06 GPa and 0.03 GPa.  Figure 61 displays the stress- strain curves of the 
35.0°C compression tests.  As expected, with the test temperature above the glass 
transition temperature, there were no elastic strain failures.  Like the 30.0°C tests, the 
yield point and stress reduction were a function of displacement rate.  Unlike the 30.0°C 
test, the slowest displacement rates, 0.002mm/s and 0.00066mm/s, do not exhibit a stress  
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Figure 59.  25.0°C Compression tests:  Stress-Strain Curves 
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Engineering Stress vs. Engineering Strain
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Figure 60.  30.0°C Compression tests:  Stress-Strain Curves 
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Engineering Stress vs. Engineering Strain
Constant Loading Rates 35.0C
0
0.02
0.04
0.06
0.08
0.1
0.12
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Engineering Strain
E
n
g
in
e
e
ri
n
g
 S
tr
e
s
s
 (
G
P
a
) 0.00066 mm/s
0.2 mm/s
0.002 mm/s
0.02 mm/s
0.0066 mm/s
 
True Stress vs. True Strain
Constant Loading Rates 35.0C
0
0.02
0.04
0.06
0.08
0.1
0.12
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
True Strain
T
ru
e
 S
tr
e
s
s
 (
G
P
a
) 0.00066 mm/s
0.2 mm/s
0.002 mm/s
0.02 mm/s
0.0066 mm/s
 
 
 
Figure 61.  35.0°C Compression tests:  Stress-Strain Curves 
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Engineering Stress vs. Engineering Strain
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Figure 62.  40.0°C Compression tests:  Stress-Strain Curves 
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reduction after the yield point.  The 40.0°C compression test stress-strain curves are 
displayed in Fig. 62.    The 40.0°C stress-strain curves are similar to the 35°C curves.  
The yield point is a function of displacement rate and the stress reduction disappears at 
the slower displacement rates.  The strength reduction after yield may be due to shear 
banding. 
 
The Experimental Relationship Between A and B 
 The primary objective of this study is to develop a relationship between the 
indentation creep material constant, B and the uniaxial creep material constant, A.  This 
correlation will further the understanding of the relationship between uniaxial creep and 
indentation creep.  The theoretical relationship derived by Bower was presented in 
Chapter 2.  Here, the empirical data will be compared to Bower et al.’s prediction.   The 
relationship between A and B will be analyzed for both nominal mean pressure and actual 
mean pressure.  The nominal mean pressure calculation does not account for sink-in or 
pile-up and relies on Bower’s “c” parameter.  The actual mean pressure calculation relies 
on the known modulus of the material and the Oliver-Pharr stiffness equation to define 
the actual contact area.  To analyze the actual mean pressure, the data in Fig. 35 is 
replotted as a function of the actual mean pressure in Fig. 63.  The results in Fig. 35 show 
that amorphous selenium is loading history independent, and that the mean pressure in 
only a function of strain rate.  Therefore, one data set for each temperature, that covers 
the necessary actual mean pressures required for the A/B comparison, is plotted in Fig. 63.   
 The A/B relationship is defined as the ratio of uniaxial strain rate to indentation 
strain rate when pressure (indentation mean pressure, and uniaxial stress), n, and 
temperature are constant.  The strength reduction after yield behavior of the amorphous 
selenium uniaxial compression stress-strain curves made it difficult to choose a 
representative stress (from which a corresponding strain rate could be selected).  To 
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Figure 63.  Indentation Strain Rate vs. Actual Mean Pressure 
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compare with just the uniaxial plastic behavior of amorphous selenium, the elastic 
portion of the stress strain curves plotted in Figs. 59-62 were removed and the stress vs. 
plastic strain data is plotted in Figs. 64-67.  The analysis of the plastic strain data suggests 
that the stresses at 2% plastic strain generally represents the stress near the upper yield 
while 10% plastic strain generally represents a reduced strength steady state behavior.  
Therefore, the stresses at these two plastic strains will be compared to the indentation 
data.   
 Figures 68-71 show the indentation data plotted with the 2% plastic strain and the 
10% plastic strain for the nominal mean pressure and the actual mean pressure, 
respectively.  The objective was to compare uniaxial compression stresses with 
indentation pressures at each temperature.  Figure 68 shows that for the nominal mean 
pressure indentation data, the 2% plastic strain compression data matches the indentation 
data at multiple points at 40.0°C, 35.0°C, and 30.0°C.  The 25.0°C 2% plastic strain 
compression data only has one data point that matches up with the nominal mean 
pressure indentation data.  The 10% plastic strain compression data does not overlap the 
nominal mean pressure indentation data at 25.0°C, as shown in Fig. 69, but does match 
up multiple data points at 40.0°C, 35.0°C, and 30.0°C.  The actual mean pressure 
indentation data is plotted with 2% plastic strain data in Fig.70.  The 2% plastic strain 
data overlaps the actual mean pressure data at 40.0°C, 35.0°C, and 30.0°C.  Figure 71 
shows that the 10% plastic strain compression data only overlaps the actual mean 
pressure data at 40.0°C and 35.0°C.   
 The ratio between the uniaxial creep parameter, A and the indentation creep 
parameter, B was calculated for the nominal mean pressure indentation data vs the 2% 
plastic strain compression data, the nominal mean pressure indentation data vs. the 10% 
plastic strain compression data, the actual mean pressure indentation data vs. the 2% 
plastic strain compression data, and actual mean pressure indentation data vs. the 10% 
plastic strain compression data.  The empirical calculations were compared to Bower’s 
analytical model.  The nominal mean pressure analytical relationship is presented in Eq. 
63.  Equation 67 displays the actual mean pressure analytical model.  In both cases, 
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Figure 64.  Uniaxial Compression 25.0°C:  Stress vs. Plastic Strain Curves 
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Engineering Stress vs. Engineering Strain
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Figure 65.  Uniaxial Compression 30.0°C:  Stress vs. Plastic Strain Curves 
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Engineering Stress vs. Engineering Strain
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Figure 66.  Uniaxial Compression 35.0°C:  Stress vs. Plastic Strain Curves 
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Engineering Stress vs. Engineering Strain
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Figure 67.  Uniaxial Compression 40.0°C:  Stress vs. Plastic Strain Curves 
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Figure 68.  Strain Rate vs. Pressure:  Nominal Mean Pressure and 2% Plastic Strain 
Data 
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Figure 69.  Strain Rate vs. Pressure:  Nominal Mean Pressure and 10% Plastic 
Strain Data 
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Figure 70.  Strain Rate vs. Pressure:  Actual Mean Pressure and 2% Plastic Strain 
Data 
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Figure 71.  Strain Rate vs. Pressure:  Actual Mean Pressure and 10% Plastic Strain 
Data 
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 Sohn’s improvements to Bower’s FEM simulations were used for F(n) and c.  Figures 
72-75 present the A/B empirical calculations as well as Bower’s analytical prediction for 
each of the four conditions described above.  Figure 72 shows the A/B calculation for the 
nominal mean pressure indentation data and the 2% plastic strain compression data.  This 
combination reveals a consistent agreement with Bower’s prediction over the entire range 
of temperatures (25.0°C-40.0°C).  The nominal mean pressure indentation data and the 
10% plastic strain compression data are shown in Fig. 73.  This data is consistent with 
Bower’s prediction when n is close to 1, but as n approaches 2 the data trends away from 
Bower’s prediction.  Figure 74 shows the actual mean pressure indentation data and the 
2% plastic strain compression data.  This data follows the trend of Bowers prediction but 
is consistently under predicted.  The actual mean pressure indentation data and the 10% 
compression data are shown in Fig. 75.  This data trends away from Bower et. al’s 
prediction as n approaches 2 and is also under predicted.  The results show that the 2% 
strain compression stresses yield A/B ratios that follow Bower et. al’s prediction.  Figures 
66 and 67 show that the 10% plastic strain compression stresses approach the 2% plastic 
strain compression stresses as temperatures increase and strain rates decrease.  That is 
why the data in Figs. 73 and 75 trend towards Bower et. al’s prediction as n approaches 1.  
The results also show that the data produced by the nominal mean pressure method is in 
better agreement with Bower’s prediction then the data produced by the actual mean 
pressure method.  This may be due to the fact that the nominal mean pressure method 
relies solely on the load and displacement channels from the nanoindenter XP.  The 
nanoindenter is a load controlled apparatus and the displacement is directly measured.  
The actual mean pressure method must rely on not only the load and displacement 
channels but also the continuous stiffness channel which is calculated for every data point. 
The continuous stiffness channel is used to calculate the area from the Oliver-Pharr 
stiffness equation and the known modulus of the sample.  The area is then used to 
calculate the mean pressure.  The experimental errors in these calculations get 
compounded in this analysis and in the calculation of the creep exponent, n, which is 
extrapolated from the calculated mean pressure.  In addition, this study has shown that  
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Figure 72.  A/B Empirical vs. Analytical: Nominal Mean Pressure and 2% Plastic 
Strain Compression Data.   
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Figure 73.  A/B Empirical vs. Analytical: Nominal Mean Pressure and 10% Plastic 
Strain Compression Data.   
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Figure 74.  A/B Empirical vs. Analytical: Actual Mean Pressure and 2% Plastic 
Strain Compression Data.   
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Figure 75.  A/B Empirical vs. Analytical: Actual Mean Pressure and 10% Plastic 
Strain Compression Data.   
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 the contact area is not constant around the perimeter of a pyramidal indenter which is 
different then the contact area created by a conical indenter.  The c values calculated from 
the area measurements were approximately 15 to 30% lower then Bower’s prediction.  
This leads to an under prediction by Bower’s model for the actual mean pressure, as 
shown in Figs. 74 and 75.    
 When the ratio between the uniaxial and indentation strain rates is used to 
calculate the A/B ratio, the nominal mean pressure method does not have to account for 
sink-in and pile-up.  The nominal mean pressure method relies solely on the sink-in/pile-
up parameter, c, to adjust Bower’s prediction to match the data.  The nominal mean 
pressure has a theoretical contact area that is consistent around the entire perimeter, like a 
conical indenter.   Therefore, just as the face centered profile calculations of the 
parameter c were much closer to Bower et. al’s predictions, the nominal mean pressure 
method produces A/B ratios more consistent with Bower et. al’s predictions.  The 
nominal mean pressure method is easier to conduct experimentally, relies on directly 
controlled or measured channels, and, since this study was conducted with pyramidal 
indenters, produces data that is in better agreement with Bower’s prediction.  The 
nominal mean pressure method also does not rely on knowing the modulus of the sample 
as a function of temperature.   
 
Calculation of Shear Viscosity 
 In this section, the shear viscosity is calculated from the experimental uniaxial 
creep data and compared to literature values.  This objective is accomplished by utilizing 
the expression in Eq. 9: 
 
u
t
ε
σ
η
&3
1
)( =          (9) 
where σ is the uniaxial stress, uε& is the uniaxial strain rate and η(t) is the shear viscosity.   
This equation proves true when the creep exponent, n is equal to one.   When n is equal to 
one, it is assumed that the amorphous selenium behaves as an incompressible fluid.  
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Therefore, we will only analyze the uniaxial creep experiments conducted at 35°C and 
40°C, where a creep exponent of one was realized. This was accomplished by correlating 
n values to the steady state compression stresses in Figs. 61 and 62.    The results from 
these calculations are plotted on Fig. 76 with the literature values reviewed in chapter 2.  
Figure 76 shows that the viscosity calculations from the uniaxial compression 
experiments conducted in this study are consistent with the literature values.   
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Figure 76.  Shear Viscosity (Literature Data vs. Compression Data)
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Chapter 5 – Conclusions 
  
Objectives 
The main objectives of this study included: analyzing the ability of the Oliver-
Pharr stiffness equation to predict contact areas for elastic-plastic and purely plastic 
indentations, examining Bower et. al’s ability to predict the sink-in/pile-up parameter, c 
and the A/B ratio (uniaxial creep parameter, A/indentation creep parameter, B). 
Amorphous selenium, with its loading history independent properties, was used to 
investigate each objective.  This work was successful at furthering the scientific 
understanding in each of theses areas.   
The Oliver-Pharr stiffness equation was developed from elastic contact theory.  
The current area correction technique based on the Oliver-Pharr stiffness equation 
requires elastic recovery to account for sink-in and does not account for pile up.  This 
work showed that when the indent has elastic recovery, the technique developed from the 
Oliver-Pharr stiffness equation that utilizes elastic recovery to calculate contact area 
produced results that agreed with area measurements calculated from optical and 
interference microscope images.  The indents that were almost entirely plastic were 
shown to have considerable sink-in, in the photomicrographs, and no elastic recovery.  In 
this case, the Oliver-Pharr technique that relied on the elastic recovery returned a nominal 
area.  A nominal contact area is not adjusted for sink-in or pile up and is based on the 
total indent depth.  This work has shown that if the elastic modulus of a material is 
known as a function of temperature, then the Oliver-Pharr stiffness equation can 
accurately predict the contact area of a purely plastic indent, within 10 percent, based on 
the calculation of the continuous contact stiffness.  The nanoindenter XP measured the 
elastic contact stiffness at 45Hz with a displacement of 2nm.  This measurement did not 
affect the strain rate of the test, which is the only parameter that affects a loading history 
independent material, so the elastic contact stiffness was accurately measured during a 
predominately plastic indentation experiment.   
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 This study analyzed both definitions of Bower et. al’s sink-in/pile up parameter, c.  
The parameter c is defined as the ratio between the contact displacement of an indent and 
the total displacement.  Bower presents this parameter as a function of the creep exponent, 
n, in his work.  This study utilized a series of indentation experiments conducted at 
0.3mN/s at 25.0°C, 30.0°C, 35.0°C, and 40.0°C.  This test series produced indents 
ranging from severely sunk-in to severely piled-up.  All 3 faces of each pyramidal indent 
were profiled in the center of the face with an interference microscope.  The center of the 
face was identified as the appropriate profiling location because Bower et. al’s model was 
developed for conical indentation, which has consistent sink-in/pile-up around the 
perimeter of the indent.  A pyramidal indenter face has a parabolic shape to its contact 
surface with the corners of the faces hindering sink-in/pile-up.  Therefore, the center of 
the face is the most uninhibited portion of the contact surface.  The total displacement 
was measured by the nanoindenter XP.  The results show that the center of the face is 
sunk-in/piled-up to within 10 percent of Bower’s prediction.    Bower also defines the 
sink-in/pile up parameter, c, as the ratio between indentation contact radius and nominal 
radius.  From this relationship, it can be derived that c
2
 is equal to the ratio of contact area 
to nominal area.  Here the contact area was measured from optical and interference 
microscope images.  The nominal area was calculated by the total indentation depth and 
an area function.  The results show that, by this definition, Bower et. al over predicts the 
parameter c by 15 to 30 percent depending on the test temperature.  This result is not 
unexpected considering Bower’s model is for conical indentation and can not account for 
the parabolic shape of the contact surface of each face of the pyramidal indenter.   
 The primary goal of this study was to further the understanding of the relationship 
between the uniaxial creep parameter, A, and the indentation creep parameter, B.  This 
was accomplished by comparing the experimental uniaxial and indentation strain rates at 
constant values of stress, creep exponent, n, and temperature. Two plastic strain values 
from the uniaxial compression experiments were chosen for this analysis, 2% and 10%, 
as these two plastic strains identified the yield point and the steady state stress, 
respectively.  The A/B calculations with the 2% plastic strain compression data were 
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closer to Bower’s predictions.    The results showed that for 2% plastic strain uniaxial 
compression - nominal mean pressure indentation data, the A/B calculations are in 
agreement with Bower et al’s prediction.  The A/B calculations for actual mean pressure 
indentation - 2% plastic strain uniaxial compression data were under predicted by 
Bower’s model.  This is most likely due to Bower’s inability to account for the contact 
area of a pyramidal indenter.   The 10% plastic strain calculations do not correlate with 
Bower’s predictions.  This would be the expected result if shear banding occurred during 
the compression experiments.   
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List of Terms 
 
Pile-up/Sink-in Parameter, c:  When c is greater then one, the indent is piled up.  When 
c is less then one, the indent is sunk-in.  c is defined as: 
 
A
A
h
h
c cc ==                         (A-1) 
 
where hc is the indent contact displacement, h is the total indent displacement, Ac is the 
contact area, and A is the nominal area.  The nominal area does not account for sink-in or 
pile-up and is calculated from the total indent displacement and the indenter area function.  
The contact area is either measured from images or estimated by the Oliver-Pharr 
assumed modulus area method.  Figure A-1 shows an Indent profile used to calculated hc. 
Figure A-2 shows and optical image used to calculate Ac.   
 
Oliver-Pharr assumed modulus area:  This method relies on the Oliver-Pharr stiffness 
equation and the known modulus of the sample as a function of temperature.  Figure A-3 
shows the modulus as a function of temperature for amorphous selenium (shown if Fig. 
14).  The contact stiffness is measured at 45hz by the nanoindenter during each 
experiment.   
2
2
4
r
c
E
S
A
π
=                                 (A-2) 
 
The reduced modulus, Er, is defined through the equation: 
 
ir EEE
i
)1()1(1
22 νν −
+
−
=           (A-3) 
 
where E is modulus of the specimen, Ei is the modulus of the indenter, ν is the Poisson’s 
ratio of the specimen, and νi is the Poisson’s ratio of the indenter. 
 
Nominal mean pressure:  Nominal mean pressure is not corrected for sink-in or pile-up.  
The nominal mean pressure is calculated from the load on sample, P, the displacement 
into the surface, h, and the area function for the Berkovich indenter.  The perfect area 
function for a Berkovich indenter is 24.5.  Figure A-4 shows a typical load displacement 
curve used to calculate nominal mean pressure. 
 
2)( 5.24 h
P
A
P
p nomm ==                        (A-3) 
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Figure A-1.  Profile #2 of 30.0°C Indent #5 –Used to Calculate c. 
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Figure A-2.  Optical image of 35.0°C Indent #5 – Used to measure contact area. 
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Young's Modulus vs Temperature (Vedam, Miller, and Roy)
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Figure A-3   Modulus as a Function of Temperature. 
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Loading Rate Data 30.0C 
 Load On Sample vs Displacement Into Surface
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Figure A-4.  30.0°C Constant Loading Rate Data:  Load on Sample vs. Displacement 
into Surface   
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Actual Mean Pressure:  The actual mean pressure utilizes load data from figures such as 
A-4 along with estimated Oliver-Pharr assumed modulus contact area.  The actual mean 
pressure is defined as: 
 
2)( a
P
A
P
p
c
actm π
==  
 
where a is the contact radius of the conical indent.  To convert the definition for a 
Berkovich indenter a is defined as: 
 
αtancha =  
 
were α is the half included angle of the conical indenter (Berkovich equivalent is 70.3°). 
 
Indentation Strain Rate:  The indentation strain rate is defined as: 
 
h
h
I
&
& =ε  
 
where h&  is the indenter displacement rate and h is the current displacement of the 
indenter.   
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